Neutron diffraction was used to measure the total structure factors for several rare-earth ion R 3ϩ (La 3ϩ or Ce 3ϩ ) phosphate glasses with composition close to RAl 0.35 P 3.24 O 10.12 . By assuming isomorphic structures, difference function methods were employed to separate, essentially, those correlations involving R 3ϩ from the remainder. A self-consistent model of the glass structure was thereby developed in which the Al correlations were taken into explicit account. The glass network was found to be made from interlinked PO 4 tetrahedra having 2.2͑1͒ terminal oxygen atoms, O T , at 1.51͑1͒ Å, and 1.8͑1͒ bridging oxygen atoms, O B , at 1.60͑1͒ Å. Rare-earth cations bonded to an average of 7.5͑2͒ O T nearest neighbors in a broad and asymmetric distribution. The Al 3ϩ ion acted as a network modifier and formed O T -Al-O T linkages that helped strengthen the glass. The connectivity of the R-centered coordination polyhedra was quantified in terms of a parameter f s and used to develop a model for the dependence on composition of the Al-O T coordination number in R-Al-P-O glasses. By using recent 17 Al nuclear-magnetic-resonance data, it was shown that this connectivity decreases monotonically with increasing Al content. The chemical durability of the glasses appeared to be at a maximum when the connectivity of the R-centered coordination polyhedra was at a minimum. The relation of f s to the glass transition temperature, T g , was discussed.
I. INTRODUCTION
Rare-earth ion phosphate glasses have many fascinating optoelectronic and magneto-optical properties which give them application as, for example, lasers and Faraday rotators. [1] [2] [3] [4] [5] [6] [7] In order to develop realistic microscopic models to account for these phenomena, knowledge of the glass structure at the ͑Faber-Ziman 8 ͒ partial structure factor level, S ␣␤ (k), is required, where k is the magnitude of the scattering vector. This presents, however, a challenging experimental task since samples prepared, e.g., by fusing RP 3 O 9 in a platinum crucible comprise three chemical species and are described by six overlapping S ␣␤ (k). 9 Moreover, glasses with superior mechanical properties that enable fibers to be drawn, and which are also water resistant, can be prepared by fusing a suitable rare-earth oxide with P 2 O 5 in an alumina crucible. [10] [11] [12] There is, however, an attendant incorporation of Al into the structure 11 which further complicates the problem through the introduction of an additional four S ␣␤ (k).
A variety of techniques have been used to investigate the structure of rare-earth phosphate glasses prepared in alumina crucibles, including extended x-ray-absorption fine-structure spectroscopy, [13] [14] [15] [16] [17] [18] neutron diffraction, 11 and x-ray diffraction. 12, 13, 19, 20 Although trends associated with the lanthanide contraction 21, 22 have been observed, such as a shortening of the R-O nearest-neighbor distance, significant differences in the structural parameters have been reported. For example, R-O coordination numbers in the range 4.8͑5͒-6.5͑6͒ have been quoted for the same glass with ͑nominal͒ composition (Ce 2 O 3 ) 0.235 (P 2 O 5 ) 0.765 together with O-͑P͒-O coordination numbers in the range 3.4͑3͒-4.7͑9͒, 11, 12, 16, 18 where the latter notation refers to oxygen atoms interlinked by phosphorus. Unambiguous information on these parameters is, however, of basic importance: the P-O and O-͑P͒-O peak positions and coordination numbers give insight into the connectivity of the phosphate network, through the ratio of bridging oxygen sites, O B , to terminal oxygen sites, O T , on the PO 4 tetrahedra, while the R-O coordination parameters help describe the degree of interlinking between R-centered polyhedra. 9, [23] [24] [25] [26] The object of the present paper is to employ the method of isomorphic substitution in neutron diffraction, which has recently been used with success to study molten rare-earth compounds, [27] [28] [29] [30] to create difference functions that separate, essentially, those S ␣␤ (k) involving rare-earth ions, R 3ϩ , from the remainder. The experiments focus on glasses of composition similar to (R 2 3ϩ or Ce 3ϩ that are at the large cation radius end of the rare-earth series. These cations are chosen as isomorphic pairs since they are adjacent in the Periodic Table and have comparable cation radii ͑1. 16 , cf. 1.14 Å for eightfold coordination 31 ͒ and Pettifor chemical parameters ͑0.705, cf. 0.7025͒. 32 They also share a similar structural chemistry, 21, 22 e.g., the crystalline orthophosphates of the large rare-earth ions, c-RPO 4 , have a common structure. [33] [34] [35] Likewise, the crystalline metaphosphates, c-RP 3 O 9 , of the large rare-earth ions have a common structure, 36, 37 as do the crystalline ultraphosphates, c-RP 5 O 14 . 36,38 -40 The essential theory required to understand the diffraction results is first given in Sec. II. The sample preparation and characterization, together with the neutron-diffraction method, is then outlined in Sec. III. The results are presented in Sec. IV and, in the data analysis procedure, explicit account is taken of the Al correlations, by contrast with most previous diffraction and extended x-ray-absorption finestructure studies in which the Al 3ϩ was regarded as an impurity ion having a negligible impact on the measured patterns. [11] [12] [13] [14] [15] [16] [17] [18] [19] Finally, in Sec. V, the results are discussed using the model of Hoppe and co-workers 9,23-26 as a template. A method for calculating the connectivity of R-centered coordination polyhedra is also described, in which the results from neutron-diffraction and 27 Al nuclear-magneticresonance experiments are combined.
II. THEORY
In a neutron-diffraction experiment on an R-Al-P-O glass comprising a paramagnetic cation the differential scattering cross section per atom for unpolarized neutrons can be written as
͑1͒
For the present materials, only Ce 3ϩ exhibits paramagnetism and the corresponding differential scattering cross section (d/d⍀) mag was calculated in the free-ion approximation by using the scheme outlined in Ref. 27 . The nuclear differential scattering cross section is given by
where c ␣ , b ␣ , and b inc,␣ denote the atomic fraction, coherent scattering length, and incoherent scattering length of chemical species ␣, and P ␣ (k) is the corresponding inelasticity correction. 41, 42 The total structure factor is defined by
and the accompanying real-space information is contained in the total pair-correlation function
where n 0 is the atomic number density,
and the limiting value G(0) follows from setting g ␣␤ (0) ϭ0 in Eq. ͑5͒. In a diffraction experiment this function is seldom obtained directly from the measured F(k) because of the finite measurement window of the diffractometer M (k рk max )ϭ1, M (kϾk max )ϭ0 which is represented in real space by the symmetrical function
Instead, the function DЈ(r) is obtained where
and denotes the one-dimensional convolution operator. The normalization by ͉G(0)͉ ensures that the weighting factors of the g ␣␤ (r) in Eqs. ͑4͒ and ͑7͒ sum to unity such that the low-r limit of D(r) or DЈ(r) is given by Ϫ4n 0 r.
To enable those features that are artifacts of M (r) to be distinguished, each peak i in rg ␣␤ (r) can be represented by a Gaussian centered at r ␣␤ (i) with standard deviation ␣␤ (i) and an area corresponding to a coordination number, n ␣ ␤ (i), of species ␤ around ␣. The measured DЈ(r) can then be fitted by least squares to a sum of these Gaussians convoluted with M (r) such that
where
The complexity of correlations associated with F(k) can be reduced by using difference function methods for glasses that are identical in every respect except for the scattering length of the rare-earth ions. If the structure factors measured for two glasses comprising rare-earth ions R 3ϩ and ЈR 3ϩ with scattering lengths b R Ͼb Ј R are denoted by R F(k) and ЈR F(k), respectively, then those correlations not involving R can be eliminated by forming the first-order difference function
The corresponding real-space function is given by
and the limiting value ⌬G R (0) follows from setting all of the g ␣␤ (0)ϭ0 in Eq. ͑11͒. The complexity of correlations associated with F(k) can be further reduced by forming the difference function
The R-␣ correlations for ␣ R are thereby eliminated and the corresponding real-space function is given by ⌬DЈ͑r ͒ϭ
and the limiting value ⌬G(0) follows from setting all of the g ␣␤ (0)ϭ0 in Eq. ͑14͒. The normalization of the difference functions ⌬D R Ј (r) and ⌬DЈ(r), by ͉⌬G R (0)͉ and ͉⌬G(0)͉ in Eqs. ͑10͒ and ͑13͒, respectively, ensures that the weighting factors of the g ␣␤ (r) sum to unity such that the low-r limit in both cases is given by Ϫ4n 0 r. Like for DЈ(r), the features in these difference functions that are artifacts of M (r) can be identified by using a fitting procedure wherein each peak in rg ␣␤ (r) is represented by a suitable Gaussian function.
If there is a small mismatch in the glass compositions, then ⌬D R Ј (r) and ⌬DЈ(r) will be dominated by those correlations involved in Eqs. ͑10͒ and ͑13͒, respectively, but there will be an attendant contamination from unwanted g ␣␤ (r). In this eventuality, the difference functions should offer an excellent guide to the glass structure although it is important to ensure that any models thus derived can account for the individually measured DЈ(r) and also for the total paircorrelation function measured for other glasses having a comparable composition.
III. EXPERIMENT
The samples required for the diffraction experiments were made by fusing La 2 O 3 ͑99.9%͒, CeO 2 ͑99.9%͒, or an approximately 1:2 mixture of La 2 O 3 and CeO 2 with P 2 O 5 ͑99%͒ in alumina (Al 2 O 3 ) crucibles. The dry oxide powders were mixed in a ratio corresponding to 1 R:5.67 P which was chosen to ensure an excess of P 2 O 5 relative to the metaphosphate composition, (R 2 O 3 ͒ 0.25 ͑P 2 O 5 ͒ 0.75 , much of which sublimes during the glass preparation procedure. The powder mixtures were initially allowed to absorb a fixed small amount of atmospheric water at room temperature before the crucible with its lid were placed into a preheated oven at 500°C for 1 h. The crucible was then moved to another oven heated to 1000°C, left for 30 min, and finally transferred to a third oven heated to 1620°C. After 30 min the melt was poured into a graphite mould and annealed at 500°C for 24 h. The resultant glassy samples, of mass Ϸ16 g, were transparent, free from bubbles, and visibly homogeneous. The Ce 3ϩ oxidation state in phosphate glasses prepared using a similar procedure has previously been confirmed by magnetic-susceptibility experiments. 43 Although all of the glasses were prepared using an identical method, the crucibles were not sealed and the process by which the Al was incorporated into the glassy matrix was difficult to control. This precluded the use of expensive rareearth isotopes and application of the isotopic substitution method in neutron diffraction. 44 -46 Instead, many samples were made with the aim of selecting those with matching compositions after investigation using electron probe microanalysis. In the latter experiments, a cross section was taken through each sample to examine the bulk material at several points and the glass composition was thereby found to be microscopically homogeneous. Factors aiding sample homogeneity are, presumably, the use of a small sample volume, which gives rise to a large contact area between the melt and crucible surface, and the fluidity of the melt at the high temperatures utilized, which helps to distribute the alumina dissolved at the crucible surface throughout the bulk material.
By comparison with phosphate glasses containing small rare-earth cations, 47, 48 samples with a relatively large distribution of compositions were prepared. Nevertheless, the compositions were similar and the glasses LaAl 0.36 (1) (23) , where mix R corresponds to a 1:1.14 mixture of La and Ce, were chosen for further investigation. For brevity of notation they are henceforth referred to as LaA, LaB, and LaCe. The mass density was determined by measuring the sample weight in fluids of different density, and n 0 ϭ0.0701(3) Å Ϫ3 was thereby deduced for each of the glasses.
The neutron-diffraction experiments were performed using either the D4C instrument at the Institut Laue-Langevin ͑Grenoble͒, with an incident neutron wavelength of 0.7100 Å, or the GLAD instrument at the Intense Pulsed Neutron Source, Argonne National Laboratory. The coarsely powdered samples were held at ambient temperature (Ϸ25°C) in cylindrical vanadium cans of either 6.8-mm internal diameter and 0.1-mm wall thickness ͑D4C͒ or 9.27-mm internal diameter and 0.127-mm wall thickness ͑GLAD͒. Diffraction patterns were taken for the samples in their container, the empty container, and a vanadium rod of dimensions comparable to the sample for normalization purposes. The intensity for a cadmium neutron-absorbing rod of similar diameter to the sample was also measured on D4C to account for the effect of sample self-shielding on the background count rate at small scattering angles. 49 Each complete diffraction pattern was built up from the intensities measured for the different detector groups. These intensities were saved at regular intervals and no deviation among them was observed, apart from the expected statistical variations, which verified the diffractometer stability. 50 The total paramagnetic scattering cross section of Ce 3ϩ at the incident neutron wavelength was calculated using the method given in Ref. 27 and the data analysis followed the procedure described elsewhere. 27, 45 The coherent neutron scattering lengths b La ϭ8.24(4), b Ce ϭ4.84(2), b Al ϭ3.449(5), b P ϭ5.13 (1) , and b O ϭ5.803(4) fm were taken from Sears 51 and the weighting factors for the g ␣␤ (r) appearing in Eqs. ͑5͒, ͑11͒, and ͑14͒ are given in Table I .
IV. RESULTS
The total structure factors for LaA, measured using GLAD, and LaB and LaCe, measured using D4C, are shown in Fig. 1 . There is good overall agreement between each F(k) and the back-Fourier transform of the corresponding total pair-correlation function DЈ(r), after the unphysical low-r oscillations are set to their calculated limit of Ϫ4n 0 r ͑see Fig. 2͒ , which indicates that the data correction procedures have been properly applied. 45 The GLAD data extends to a larger k max of 24.95 Å Ϫ1 , such that the modification function M (r) will have a smaller broadening effect on the corresponding D(r), while the D4C data have smaller statistical errors and k max ϭ15.65 Å Ϫ1 . The difference functions ⌬F R (k) and ⌬F(k) of Fig. 3 were formed by using the D4C data and the corresponding ⌬D R Ј (r) and ⌬DЈ(r) are shown in Fig. 2 . Inspection of Table I shows that while these functions are dominated by the desired g ␣␤ (r), there is a small contamination from unwanted correlations owing to a small mismatch in sample compositions. An analysis strategy was therefore adopted in which the effect of these unwanted correlations was taken into explicit account. First, ⌬D R Ј (r) was modeled using the Gaussian fitting procedure outlined in Sec. II. The fitted parameters thus obtained were then used as a starting point for modeling the main unwanted correlations in a fit to ⌬DЈ(r). In turn, these fitted parameters were used as a starting point for modeling the main unwanted correlations in a further fit to ⌬D R Ј (r). The entire process was iterated until selfconsistent parameters were obtained for the fits to both r-space functions. Finally, the reliability of the model thus produced was tested by fitting the individual DЈ(r) for all of the investigated R-Al-P-O glasses.
The results of the Gaussian fitting procedure for ⌬D R Ј (r), ⌬DЈ(r), and DЈ(r) are shown in Figs. 4 -6, respectively and the fitted parameters are given in Tables II and III. In general, the peaks fitted at the larger-r values are not expected to yield accurate parameters, owing to the overlap from correlations at even larger r, but were included to increase the reliability of the parameters that are reported for the peaks fitted at smaller r. 35 respectively. The first peak in ⌬D R Ј (r) at 2.50͑2͒ Å was therefore assigned to R-O correlations and the region immediately beyond 3.2 Å to R-(O)-P correlations. For the first peak, there are no well-defined distances having Gauss-TABLE I. Weighting factors ͑in millibarn͒ for the g ␣␤ (r) in the r-space functions G(r), ⌬G R (r), and ⌬G(r) given by Eqs. ͑5͒, ͑11͒, and ͑14͒, respectively. The difference functions were formed from the data sets for the LaB and LaCe glasses and the limiting values ͉G(0)͉, ͉⌬G R (0)͉, and ͉⌬G(0)͉ were obtained by summing all of the weighting factors for the corresponding g ␣␤ (r). In c-LaP 3 O 9 the shortest P-O, O-͑P͒-O, and P-͑O͒-P distances are 1.47, 2.45, and 2.98 Å, respectively, 37 where O-͑P͒-O denotes oxygen atoms interlinked by phosphorus and P-͑O͒-P denotes phosphorus atoms interlinked by oxygen, and the corresponding distances are 1.46, 2.39, and 2.90 Å for c-LaP 5 O 14 . 40 In c-LaPO 4 the PO 4 tetrahedra are isolated, i.e., they do not share oxygen atoms, and the P-O, O-͑P͒-O, and P-P distances are 1.52, 2.44, and 4.05 Å, respectively. 35 The first peak in ⌬DЈ(r) at 1.54͑2͒ Å was therefore assigned to the P-O correlations from PO 4 tetrahedra and the corresponding O-͑P͒-O correlations give a strong contribution to the second peak at 2.49͑2͒ Å. The region between these two peaks, 1.7рr(Å)р1.9, has a contribution from Al-O correlations since 27 Al nuclear-magneticresonance ͑NMR͒ experiments, made on rare-earth phosphate glasses prepared in alumina crucibles, 11, 54 show that Al can be fourfold, fivefold, or six-fold coordinated to oxygen. suming P-͑OP͒-O and P-͑O͒-P correlations using the structure of c-LaP 3 O 9 ͑Ref. 37͒ as a starting point. The fit to ⌬DЈ(r) over the range 1.3рr(Å)р2.9 gave R ϭ1.6% and, as shown in Fig. 5 , the contribution from unwanted correlations is small. Two Gaussians were used to represent the first peak, with n P O T ϭ2.2(1) at 1.50͑1͒ Å and n P O B ϭ1.7(1) at 1.60͑1͒ Å, giving an overall P-O coordination number n P O ϭ3.9 (1) . These values for the P-O T and P-O B bond lengths are typical of those found in other rareearth phosphate glasses of similar composition 9,11,26 and a peak width for P-O B that is broader than that for P-O T is a typical feature of phosphate glasses. 25 A distance r AlO ϭ1.89(3) Å was found, in accord with Refs. 11,12, and 20, with n Al O ϭ4.5(5). The second peak was fitted with Gaussians centered at 2.46͑1͒, 2.53͑1͒, and 2.65͑1͒ Å corresponding to O-͑P͒-O coordination numbers of 2.5͑1͒ and 1.5͑1͒ and an O-͑Al͒-O coordination number of 0.8͑1͒, respectively, i.e., the overall O-͑P͒-O nearest-neighbor coordination number n O O ϭ4.0(1). A single Gaussian fit to the O-͑P͒-O correlations under the second peak was found to be inadequate, giving a higher R value of 2.5%, and the use of two Gaussians to represent the O-͑P͒-O correlations was also found to be necessary for R-Al-P-O glasses containing small rare-earth ions. 48 The small peak at 2 Å was found to be mostly an artifact of M (r).
The self-consistent parameters obtained from the Gaussian fits to ⌬D R Ј (r) and ⌬DЈ(r) were used as starting parameters for fits to the DЈ(r) ͑see Fig. 6͒ . These gave R values of 4.9%, 1.5%, and 1.7% for the range 1.2рr(Å)р2.8 in the case of the LaA, LaB, and LaCe glasses, respectively. As shown from a comparison of Tables II and III, comparable peak positions and coordination numbers were obtained, although the DЈ(r) functions were best represented using a larger Al-O coordination number n Al O Ϸ6. The larger R value for the GLAD data can be attributed to an inadequate fit in the region 2.0рr(Å)р2.2, the reason for which could not be traced definitively ͓cf. Figs. 6͑a͒ and 6͑b͔͒ . Nevertheless, the peak positions and coordination numbers obtained from the fits to the DЈ(r) functions for all of the glasses are the same within experimental error.
V. DISCUSSION
In crystalline and glassy P 2 O 5 , a network is built from corner-sharing PO 4 tetrahedra comprising one terminal oxygen atom, O T , and three bridging oxygen atoms, O B , at distances close to 1.4 and 1.6 Å, respectively. 6, [57] [58] [59] [60] [61] In the model of Hoppe and co-workers, 9,23-26 the addition of a network modifier such as R 2 O 3 leaves the PO 4 tetrahedra intact but depolymerizes the phosphate network through the breakage of P-O B -P bonds, thereby increasing the fraction of O T to which the R 3ϩ ions are exclusively bound via P-O T -R linkages. Specifically, if y oxygen atoms from the network modifier are added per P 2 the ultraphosphates, whereas 25% are required to share in the case of the metaphosphates.
For the present R-Al-P-O glasses, the Al-O coordination parameters suggest that a substantial number of the Al 3ϩ ions adopt octahedral conformations such as in crystalline 55 and glassy 25, 62 63 The y values for the LaA, LaB, and LaCe glasses were evaluated accordingly along with the P-O and O-͑P͒-O coordination numbers of the Hoppe and co-workers model. 9, [23] [24] [25] [26] These parameters are compared, in Table IV , with those obtained from the fits to ⌬DЈ(r) and DЈ(r). The close overall agreement demonstrates that this model can act as an excellent starting point for understanding the network structure of rare-earth phosphate glasses, even when they incorporate a significant mole % of Al 3ϩ impurity ions.
For six-fold coordinated Al an O T -(Al)-O T coordination number of n O O ϭ48c Al /(5ϩy)c P at ͱ2r AlO ϭ2.66 Å is anticipated, while for tetrahedrally coordinated Al, a coordination number of n O O ϭ24c Al /(5ϩy)c P at ͱ8/3r AlO ϭ2.87 Å is expected. The measured peak positions are given in Tables II  and III Table IV . Overall the diffraction data are found to be consistent with a predominantly octahedral, as opposed to tetrahedral, coordination environment for aluminum. By comparison, 27 Al NMR experiments made on cerium phosphate glasses of similar composition prepared in alumina crucibles show little evidence for tetrahedrally coordinated aluminum 11 while those made on LaAl-P-O glasses give n Al O Ϸ5. 54 Thus the overall results for the TABLE II. Parameters obtained from the Gaussian fits to the ⌬D R Ј (r) and ⌬DЈ(r) difference functions formed from the data sets for the LaB and LaCe glasses.
TABLE III. Parameters obtained from the Gaussian fits to the total pair-correlation functions DЈ(r) for the LaA, LaB, and LaCe glasses. Fig. 7͑b͒ , it is found to increase most rapidly with Al 2 O 3 content for the glasses of series I. As shown in Fig. 7͑c͒ , this correlates with a more rapid rise of T g with Al 2 O 3 content for the glasses of this series, i.e., the results are consistent with a network modifying role for Al in which it helps to strengthen the glass through the formation of O T -Al-O T linkages. By plotting T g for the two series as a function of the Al-O T :M -O T bond ratio, and thereby removing its dependence with composition on the relative number of M -O T bonds formed by Al, it is found that T g ͑series II͒ ϾT g ͑series I͒ for ratios Ͻ0.33 while T g ͑series I͒ ϾT g ͑series II͒ for ratios Ͼ0.33 ͓see inset in Fig. 7͑c͔͒ . This crossover of the T g values at Al-O T :M -O T ϭ0.33 cannot result from a change in the intrinsic connectivity of the phosphate network for a given series since this is held constant. Also, the number of O T available for bonding by the M 3ϩ ions is fixed for a given series. Consequently, it is a moot point as to whether T g depends on the manner in which the network modifying cations bind to the phosphate network. Information on the latter is provided by the parameter f s which describes the sharing of O T by the R-centered coordination polyhedra. It is therefore interesting that, as shown in Fig. 7, T 54 and that this correlates with minimal values of f s , i.e., with a removal of the pathways ͑linked R-centered polyhedra͒ along which R 3ϩ ions or water molecules can presumably migrate. Small highly charged cations in phosphate glasses are also considered to strengthen the P-O B -P linkages and form bonds with O T that are resistant to hydration, thereby enhancing the chemical durability of the glass. 64 It will be interesting to see the extent to which a polarizable, formal charge ionic interaction model can account for the observed phenomena. 29, 30 Finally, there is no evidence from the analysis of ⌬D R Ј (r)
for R-R correlations at rϽ3.5 Å. This is consistent with the structures of c-LaP 3 O 9 , c-LaP 5 O 14 , and c-LaPO 4 for which the minimum La-La distance is 4.10 Å ͑Refs. 35, 37, and 40͒ and with a host of other experiments on rare-earth phosphate glasses comprising large R 3ϩ ions. 9,11,12,14 -16 In the case of R-Al-P-O glasses comprising small rare-earth ions, a nearest-neighbor R-R distance of 5.62͑6͒ Å has recently been measured by applying the method of isomorphic substitution in neutron diffraction to glassy RAl 0. 30 
VI. CONCLUSIONS
The present work demonstrates that a self-consistent model, based on that of Hoppe and co-workers, 9, [23] [24] [25] [26] for the structure of R-Al-P-O glasses comprising large rare-earth ions can be developed by applying the method of isomorphic substitution in neutron diffraction, provided that explicit account is taken of the Al correlations. In the case of glassy RAl 0.35 P 3.24 O 10.12 it is found that a network is formed from PO 4 tetrahedra in which there are, on average, 1.8͑1͒ O B and 2.2͑1͒ O T and the network modifying rare-earth ions bind to an average of 7.5͑2͒ O T in a distribution that is both broad and asymmetric. A model for describing the composition dependence of the Al-O T coordination number is developed using a connectivity parameter f s which gives the fraction of O T atoms bonded to R 3ϩ that are shared between R-centered coordination polyhedra. The model is applied to the recent 27 Al NMR data of Karabulut et al. 54 for two series of (M 2 O 3 ) x (P 2 O 5 ) 1Ϫx glasses (xϭ0.25 and 0.30͒ and it is shown that f s decreases monotonically with increasing Al content. The dependence on composition of T g is discussed and is found to increase with the Al-O T :M -O T bond ratio, most rapidly when there is a minimal connectivity of the R-centered coordination polyhedra. Overall, the diffraction and T g results are fully consistent with a network modifying role for the Al 3ϩ ion in which it strengthens the glass through the formation of O T -Al-O T linkages. The chemical durability of the La-Al-P-O glasses studied in Ref. 54 also appears to be a maximum when f s is a minimum. The present work thereby illustrates the potential power of combined neutron-diffraction and NMR studies for describing the detailed structure of four component R-Al-P-O glasses and this information will, in turn, give insight into the functional properties of these materials.
